Near-IR diode laser sensors are being applied to practical aeroengine tests in both ground and flight applications. Sensors for inlet air mass flux, combustor temperature and product exhaust mass flux, and trace pollutant emissions are described and the current state of testing presented. Practical issues associated with long-term stability, optical access, and effects of flow distortions and non-uniform flow properties are discussed in detail.
Introduction
Near room-temperature diode lasers have received considerable attention in recent years for their potential role as real-time sensors in a variety of combustion, aerodynamic, environmental, and propulsion applications. Compact lasers operating a wavelengths between 630 and 2000 nm have been applied to absorptionbased measurements of species such as a CO, CO 2 , NO, NO 2 , H 2 O, O 2 , and CH 4 , among others, all of which a relevant to aeroengine development and performance monitoring. Well developed spectroscopic techniques for gasdynamic measurements of velocity, temperature, pressure, and mass flux have also been demonstrated in both laboratory flames, supersonic test facilities, and industrial furnaces, as summarized in the recent review of Reference 1.
As the understanding of the sensor architecture and the near-IR spectroscopy of the target molecules matures, these sensors are finding application to practical, production aeroengine devices. A fiber-coupled sensor operating near 763 nm developed for simultaneous measurements of air density and velocity was applied to a Pratt & Whitney F-100 engine in ground tests nearly three years ago. 2 The success of this test has resulted in a flight test program scheduled to apply an environmentally qualified, fully-autonomous sensor aboard an F-18 aircraft early in 1999. 3 Many issues remain to be resolved, however, before the full potential of these devices for real-time sensing in practical aeroengines are well understood. These range from persistent inadequacies in the basic spectroscopic database of the weak near-IR transitions, particularly at high temperature, to engineering issues associated with reliable optical access, long-term stability of the autonomous sensor platforms, and environmental certification for flight applications.
In this paper, we describe progress in our laboratory toward addressing these issues. We focus on two specific sensor configurations and several application scenarios representative of the most mature target measurements: water vapor (representative of a combustion product species) and oxygen (representative of general unseeded air sensing). In these cases, the basic spectroscopy is reasonably well understood and applications to gasdynamic measurements are well established (cf., Reference 1 and the references therein). Continuous autonomous performance stability, optical access and integration components, and practical issues such as non-uniform properties or flow-distortion along the line-of-sight are described.
One of the most promising applications of diode laser-based sensors is to continuous, real-time, in-situ monitoring of pollutant emissions such as CO and NO x . We have demonstrated detection of both CO and NO in laboratory flames 4, 5 , but the basic spectroscopic approach for a practical sensor requires further work. These results and on-going efforts to demonstrate applications to practical aeroengine systems are described last. 
where I is the monochromatic laser intensity at frequency , measured after propagating a pathlength # through a medium with an absorbing species number density N. The strength of the absorption is determined by the temperature-dependent linestrength, S(T), and the lineshape function, g(-0 ). The lineshape function describes the temperature-and pressure-dependent broadening mechanisms of the fundamental linestrength. If the medium is invariant over the absorption pathlength, then straightforward inversion of Eq. (1) yields a quantity proportional to a number of gas dynamic properties.
The linestrength of the absorption transition is a fundamental spectroscopic property of the absorbing species, although usually it is expressed in relationship to tabulated values available in one of a number of databases. The most commonly used and extensive database for IR transitions of small molecules is the U.S. Air Force HITRAN database 6 , originally developed for atmospheric transmission applications. The linestrength at any temperature S(T) can be calculated from the known linestrength at temperature S(T 0 ) using:
where Q is the total molecular internal partition function, E is the energy of the lower transition state, h is Planck's constant, k is Boltzmann's constant, and c is the speed of light. The last term accounts for stimulated emission and is negligible at wavelengths below 2.5 µm and temperatures below 2500 K.
If the gas temperature, line-strength, and absorption path are known, the measured transmission may be directly related to the absorbing species number density. It usually possible to select a particular absorption transition such that the temperature variation of the linestrength over some limited range (typically several hundred K) can be neglected. Separate measurements of temperature can be used to correct for variations, if necessary.
Alternatively, two absorption transitions may be probed (using one or two lasers, depending on the target transition separation and the laser tuning range). The ratio of the integrated absorbance of each transition is a pure function of temperature:
where S 1 and S 2 are the linestrength values at some reference temperature, T 0 , and ûE is the energy separation of the absorbing state. The temperature sensitivity depends on the values of the reference linestrengths and the energy separation. With the temperature so determined, either or both absorbances can be used to determine the number density.
If the laser beam propagates across a flow with a bulk velocity V, the molecules in the moving reference frame of the gas observe a laser frequency that is Doppler-shifted according to where is the angle between the laser propagation and bulk flow directions. Since the absorption measurement itself gives the density of the gas, measuring the Doppler-shift allows determination of the density-velocity product or the mass flux.
The aeroengine sensor configurations under development at Physical Sciences Inc. (PSI) consist of inlet air mass flux (based on simultaneous oxygen density and velocity measurements); combustor temperature and product mass flux (based on simultaneous water vapor density, velocity, and temperature measurements); and overall engine exhaust pollutant emissions (based on CO, NO x , and potentially other trace species measurements). Each sensor application poses specific requirements from the point of the view of the engine control system or testing requirements.
Inlet air mass flux measurements are desired for improved control of variable geometry inlets in supersonic aircraft, power optimization during maneuvering, and engine health monitoring. In these scenarios, the overall bandwidth of the control system is less than 1 Hz, so a sensor response time on the order of 1 s is sufficient. Here and throughout this paper, response time is meant to indicate the time for the sensor to report a new value of the measurand (density, velocity, mass flux, etc.) after a step change in the operating condition and is inclusive of all data acquisition, averaging, reduction, and recording time delays.
Accurate measurements of inlet mass flux (precision better than 2%) suggest that subtle, transient fluctuations in the average inlet mass flux might be used to indicate incipient compressor surge or stall American Institute of Aeronautics and Astronautics phenomena. Specific response times for sensors used this way depend on the control and actuators employed, although our work is focussed on at least 0.1 s (10 Hz) with a desired goal of 0.01 s (100 Hz). The laser wavelength is typically swept across the absorption lineshape, whose area is then integrated to yield the total absorber number density. This could be accomplished more rapidly, if necessary, although the total sensor throughput is presently limited by the 1 MHZ A/D converters used on the PCI backplanes.
Typical performance specifications for inlet mass flux sensors are dictated by the perceived precision of the pitot-static measurements used to calibrate present engine control systems. This is generally specified as ± 2% over the range of about 10 to 300 lb/s. For typical military aeroengines, this range corresponds to an air density and velocity range (at the inlet guide vane station) of about 0.1 to 2 kg/m 3 and 10 to 200 m/s.
Measurements at the combustor exit or highpressure turbine inlet station are the most severe for any optical sensor. In real-time sensor or testing applications, the response time is governed by the overall engine or facility control system and is again typically on the order of 1 s. For gas turbine engines, the temperature range should span 1500 to 2100 K at pressures from at least 10 atm on current engines to up to 50 atm for advanced engines. The combination of high temperature and pressure place extreme demands on the design of optical windows and mounts. The high pressures tend to collisionally broadened the target absorption lines, reducing the visibility of the signal itself and rendering interpretation of the often overlapped line features problematic.
In ram/scramjet propulsion system development, peak combustor exit temperatures can approach 3000 K, although the pressure is usually limited to a few atm. Here, the thermal management of the optical interfaces is even more challenging. The basic spectroscopy becomes increasingly uncertain, as well, particularly with regard to water vapor, which possess numerous transitions throughout the near-and mid-IR. The lack of detailed information on high temperature water vapor makes quantitative interpretation of sensors targeting water vapor absorption difficult and spectral interferences with other target species becomes increasingly difficult to predict.
For engine exhaust measurements, the response time requirements are again driven by overall engine control systems to about 1 s. Exhaust temperatures are generally much lower -between 500 and 1000 K. Total gas pressure is usually about 1 atm. This places less stringent demands on the optical integration components and also greatly reduces the problems of high temperature water vapor interference. In flight sensors, however, the engine exhaust sensor scenarios are complicated by poor mounting options, variable area nozzles, afterburners, and highly turbulent, often supersonic, flow conditions. An important exhaust emissions scenario currently under investigation involves measurements of CO and NO x for monitoring and, potentially, control of a new generation of lean-burning engines. The partitioning of NO x between NO and NO 2 depends on the gas temperature and residence time downstream of the combustor. Most present emissions monitoring systems measure the total NO x , so accurate experimental data is difficult to identify. Total NO x emission levels below about 10 ppm are desired, so typical sensor detection limits of 1 ppm are targeted. This is also near the present detection limits of existing Non-Dispersive IR (NDIR) and chemiluminescent sampling systems. Similar target detection limits for CO are desired, although total CO emission may often be much higher.
Simultaneous Water Vapor Mass Flux and Thermometry
A dual laser sensor based on water vapor absorption measurements near 1.31 µm is nearing completion for installation on a scramjet propulsion test facility at Wright Patterson AFB. The sensor will be used for simultaneous measurements of water vapor density, velocity, and temperature at various locations within model combustors. The measurements are based on the methods outlined in the section above and are all determined autonomously from an integrated laser/computer/electronics module housed in a halfheight, 19-in. rack. The rack is located in a separate control room with only fiber-optic and electrical connections to the test facility. The dual wavelengths are combined on a single fiber-optic line using a timedomain multiplexing technique, previously described and demonstrated for up to three different wavelengths, although much higher density multiplexing is also feasible. 1 Since the test facility is itself driven by the vitiated output of a combustor, water vapor is present in at levels of several percent or higher through the combustor. The eventual application of the sensor is to measure the temperature increase and increased water vapor flux between the test model inlet and exhaust to aid in determination of the combustor efficiency.
Lasers near 1.31 µm were selected for this sensor because this wavelength corresponds to a telecommunication wavelength standard, thus ensuring a ready supply of high quality devices for the foreseeable future. Reliable supply of custom wavelength diode lasers for other sensor applications remains a critical barrier to widespread commercialization. Although the HITRAN database tabulates water transitions at these wavelengths, earlier work showed that significant errors appeared in the high temperature spectra, even at relatively modest exhaust gas temperatures near 1000 K. 7 Fundamental measurements of the linestrengths, positions, and broadening behavior of target transitions in this wavelength region were recently completed and compared to new high temperature computational databases. 8 These results show that individual isolated transitions are not necessarily available, so our strategy has been to empirically calibrate the temperaturedependent behavior of absorption features that consist of multiple transitions, some of which are not assigned at this time. Measurements from room temperature to 1000 K were made in a heated cells and measurements from 1200 to 2100 K were made in a laboratory flat flame burner. Figure 1 is an example of the dual wavelength sensor's performance during a continuous sequence of measurements in an atmospheric pressure, H 2 -air laboratory flat flame burner. The measurements were acquired with a 0.3 Hz bandwidth and a total hot-gas pathlength of 70 cm. The figure shows a sequence of flame stoichiometries obtained by adjusting the inlet fuel/air ratio, thereby spanning gas temperature from 1200 to 2100 K and water vapor number densities from 6 x 10 17 to 1.1 x 10 18 cm -3 . The optical sensor data are compared to simultaneous thermocouple gas temperatures (solid line) and calculated equilibrium water vapor concentrations at the measured stoichiometry and gas temperature (dashed line). The precision of the temperature measurements over this large range is ± 15 K (corresponding to less than 1% of full-scale) and the absolute difference between the optical and thermocouple measurements never exceeds 50 K (about 2% of full-scale), well within the absolute uncertainty of the thermocouple measurement. The precision of the density measurement is better than 2 x 10 16 cm -3 (less than 2% of full-scale). Comparisons between the sensor and calculated equilibrium concentrations differ by as much as 1.5 x 10 17 cm -3 (about 15% of the nominal value), although at least part of this may be attributable to non-equilibrium conditions in the flame.
A schematic of the integration of the optical components of the sensor with the scramjet test facility is shown in Figure 2 . Collimating optics attached to single-mode fiber patchcords launch the multiplexed beams through windows along two lines-of-sight, arranged so as to cross the flowfield with a 30 deg included angle. After traversing the 7 in. duct, the beams pass through additional windows, reflect from a narrow-band coated mirror, and illuminate 3-mm diameter InGaAs photodetectors. The narrow-band coated mirror is intended to minimize the hightemperature gas emission directed onto the detectors. As described in previous publications (cf., Reference 1), this fiber-launch, detector-collect arrangement has proven more reliable and more sensitive than fibercollect arrangements due to the extreme pointingstability constraints when using single-mode fibers.
This installation presented several design challenges, mostly related to the high temperature operation of the test facility. First, the windows which provide optical access to the test section must be protected from the high-temperature gas flow. Second, since the facility is uncooled and the temperature of the structure can exceed 600 K during an experiment, the optical mounts need to be actively cooled to protect sensitive sub-elements of the fiber collimators and American Institute of Aeronautics and Astronautics photodetectors and to provide stable alignment during thermal cycling of the test combustor. The high heat flux levels expected during facility operation necessitate a dense arrangement of cooling passages in the brazed mounting assembly.
Here, we consider in detail only one element of this assembly: the film-cooled windows. A schematic of the cold gas film cooling system is shown in Figure  3 . High pressure gas (either nitrogen or air) is feed through passages machined into a compound metal insert and metered through a 2 mm sonic orifice. The orifice is operated in choked flow condition so that after a series of shock process the flow expands subsonically over the machined window. This subsonic film was chosen because of the impracticality of velocity matching the film flow with the high velocity (~ 1km/s) main flow. Using film cooling design tools available in the literature [9] [10] [11] [12] , we have selected a slot height of 2.3 mm and a film velocity of 130 m/s to hold the AR-coated window surface temperature below 450 K in the presence of free stream gas temperatures up to 2000 K.
Shock waves and wakes created by this cooling strategy are expected to require fine tuning of the gas flow rate during facility operation. Since the total cooling gas flow for each window will be on the order of 10 scfm, it is not expected to significantly impact the overall stoichiometry or internal flow of the test combustor. The results of demonstration experiments at the Wright Patterson AFB will be presented in a forthcoming publication. 13 In gas turbine aeroengines, such elaborate cooling strategies would obviously limit the diode laser sensors to test facility implementation. An alternative to supplying separate cooling air may be possible, however. Because cooling air is available and already used to cool the combustor liner and dilute the combustor exit flow before the turbine inlet stage, it may be possible to apply the experience from these scramjet tests to more practical aeroengine integrations using this available cooling air.
Inlet Air Mass Flux
The success of the diode laser inlet air mass flux sensor in ground testing 2 has led to several development efforts to address practical installations in flight testing and for specific compressor control strategies. Figure 4 shows a schematic of the installation scenario for upcoming F-18 flight tests at NASA Dryden. All of the electro-optic components, computer controlled data acquisition system, and data processing electronics are now housed in a separate, fully autonomous sensor processor module (SPM) with fiber and electrical cables connecting to the remote measurement paths in the engine inlet upstream of the compressor entrance face. For this application, the long-term stability of the sensor in autonomous operation is of paramount importance. Details of the SPM and integration optics, their environmental certification, and flight test plans are described in a separate publication. 3 Long term stability tests of the sensor are ongoing, but preliminary data acquired with the autonomous SPM in quiescent air measurements over a 1 m path are presented in Figure 5 . For these measurements, the laser sweep rate was 500 Hz, and each detector was sampled at 500 kHz, yielding a data point resolution of 1000 points across each lineshape sweep. Fifty successive sweeps were averaged for each density and velocity determination so that the reporting rate was 10 Hz. The peak positions of each absorption lineshape, which are used to deduce the velocity of the air, were determined using a peak-seeking algorithm based on the FWHM points of the lineshape, as described in more detail in Reference 2. The sensor operated autonomously for an 8-hour period, continually logging density, velocity, and mass flux data to a hard disk in the SPM. The RMS standard deviation of the 10 Hz density measurements was 0.91%, although the slight upward drift in total density during the test duration is believed to be the result of real changes in the laboratory temperature rather than a drift in the sensor response.
The relative shift between the peaks of the two absorption features can be expressed as a percentage of the FWHM, providing a scaling parameter for evaluating applications at various pressures. The RMS standard deviation of the zero velocity shift over the 8-hour test period was 0.22 % of the FWHM, û& FWHM .
No long term drifts were observed. For a symmetric beam crossing geometry, Eq. (4) can be rearranged to express the minimum resolvable velocity as a function of this minimum resolvable shift/width ratio: this corresponds to a precision of 3.5 m/s, less than 2% of the maximum inlet velocity of 200 m/s. This performance may of course be degraded by vibration or turbulence in the flight application, although limiting shift/width ratios on the order of 10 -4 were observed in ground testing on an F-100 engine. More sophisticated peak finding algorithms based on Voigt lineshape fitting are being evaluated to improve this performance and to provide additional margin against degradation in the flight tests.
With faster laser sweeps and less averaging, it is possible to increase the sensor's performance for continuous mass flux measurements to ~ 100 Hz rates. Assuming that similar sensitivities can be achieved at these rates, it becomes possible to observe small fluctuations in the inlet mass flux associated with incipient stall cells within the compressor. In a collaboration with AlliedSignal Engine Co., we are evaluating the mass flux sensor as part of a compressor surge/stall control effort on a ground-based test stand.
Here, optical access is complicated by the annular flow arrangement into the compressor. Figure 6 shows the optical mounts designed for this integration in two views. The inlet air flows in an annular passage defined by the 53 cm inner diameter of the outer wall and the 40 cm outer diameter of the inner hub. In order to minimize the physical size of the optical mounts (in anticipation of subsequent installations within a American Institute of Aeronautics and Astronautics shrouded engine), a compound-angle mounting scheme was developed that provides a 30 deg crossing angle in the flow. Refraction of the laser beam through the 1 in. diameter windows was exploited to maximize the pathlength through the annular flow passage. The fiber collimator launch optics are attached to the mounting block with a gimbal plate for fine alignment adjust. The receiving photodetector is rigidly bolted to its corresponding mounting block. Both blocks are rigidly mounted on a separate spool-piece inserted between the inlet and compressor sections on the test stand.
Effects of Flow Non-Uniformity and Distortions
Because the diode laser sensors record a signal that is some average along the line-of-sight, it is important to understand the impact of non-uniform flow conditions on the result. In these exercises, it is also important to keep in mind that these sensors are intended for application in control systems, wherein an observable quantity related to the system operation is desired, not necessarily a fundamental flow parameter measurement. Hence, it is an advantage that the diode laser sensor effectively samples an extended portion of the flow and reports an integral parameter related to the overall flow property of the system rather than at a specific point in the flow.
For density measurements, if a suitable transition is chosen with minimal temperature dependence, then it is straightforward to show that the resulting measurements is simply the path-averaged density along the line-of-sight. In the case of velocity variations along the line-of-sight, however, the recorded lineshape contains the cumulative contributions from the Doppler-shifted, density weighted absorption along the beam path and the effect on the reported velocity is not intuitive. Although aircraft inlets are well modeled as plug-flows, there exist non-negligible boundary layers and stagnant air absorption paths outside of the inlet whose effect on the resultant velocity measurement must be considered.
The effect of boundary layers and stagnant gas absorption has been investigated analytically by assuming a model, top-hat velocity profile with a fraction of the air at zero velocity. This stagnant air path is assumed to have the same pressure and temperature as the moving air. Figure 7 illustrates the composite lineshape recorded by the sensor if 89% of the gas is moving at a uniform velocity of 75 m/s and 11% of the gas is stagnant. The Voigt lineshapes used in this simulation correspond to typical atmospheric pressure, room-temperature conditions and the beam is assumed to cross the flow at a 45 deg angle. This results in a Doppler-shift of 0.0023 cm -1 . Figure 8 shows the best Voigt-fit to the composite lineshape and results in an inferred Doppler-shift of 0.00204 cm -1 , or 89% of the total shift of the moving gas. Since the density measurement is unaffected, the reported mass flux is also reduced by 89% and represents the true path-averaged mass flux for the simulated flow path. Using a fixed fraction of stagnant gas (11%), this same exercise was performed over a range of velocities up to 150 m/s, the largest American Institute of Aeronautics and Astronautics encountered in tests to date, and the results showed that the composite lineshape gave a retarded velocity shift directly proportional to the stagnant air path. This results in a true path-averaged mass flux. In Figure 9 , we show the fractional retardation of the Doppler-shift in the composite lineshape for a fixed velocity of 150 m/s and a variable stagnant air path. For stagnant air paths up to 50% of the total pathlength, the velocity is proportionally reduced and the correct path-averaged mass flux is reported. These results suggest that for well-behaved velocity profiles, the mass flux sensor correctly reports the path-averaged mass flux. Scenarios with strong temperature, density, and velocity variations are presently under analysis.
Engine inlets typically experience a variety of reasonably well-understood flow distortions which are routinely simulated in test environments using variable geometry screens to induced the appropriate velocity perturbations. In a series of experiments at the NASA Lewis Research Center, the effect of several typical distortions were explicitly investigated. The setup for these experiments is shown in Figure 10 .
The cold pipe and plug assembly shown in Figure 10 is used to simulate the inlet flow upstream of a jet engine. By varying the position of the plug in the end of the cold pipe, the assembly provides a means of regulating the mass flowrate through the inlet. The cold pipe is 38 cm in diameter and approximately 254 cm in length. The pressure and temperature in the duct are nominally atmospheric, and the peak air velocities are between 150 and 200 m/s. For these tests, an ASME nozzle was mounted on the inlet of the cold pipe such that the mass flowrate as a function of plug position could be accurately determined separately. Wall state pressure measurements in the nozzle provide a mass flux standard of ± 0.25%. The entire assembly is mounted in the NASA Lewis 10 x 10 ft Supersonic Wind Tunnel with the ASME nozzle drawing ambient air and the wind tunnel ejectors maintaining a constant back pressure of about 5 psi at the duct exit. The mass flux sensor was positioned in the cold pipe immediately upstream of the plug.
Distortion screens were placed upstream in the location shown. Two types of velocity distortions were investigated: 1) a concentric distortion pattern produced by a #6 mesh screen (56.9% porosity) spanning the outer 25% of the cold pipe diameter with American Institute of Aeronautics and Astronautics D-3400 Figure 12 . Comparison of diode laser sensor and ASME calibrated nozzle mass flux measurements for clean, concentric, and 180 deg distortion patterns.
a #1 mesh screen (84.6% porosity) covering the entire area; and 2) a 180 deg distortion pattern produced by a #8 mesh screen (38.9% porosity) covering half of the flow area with a #1 mesh screen covering the entire area. These screens are shown schematically in Figure 11 . The concentric distortion pattern is typical of that produced by an engine cowl and the 180 deg pattern is typical of that produced by an angle of attack. Percent distortion levels (defined as the RMS difference in individual total pressure measurements from the mean total pressure and normalized to the mean total pressure) ranging from 2 to 13% were investigated for both patterns.
The comparison between the optical mass flux sensor output and the calibrated mass flux through the ASME nozzle is shown in Figure 12 for clean (no distortions) and both distortion patterns over a range of mass flux values. There is no clear evidence of a systematic effect on the diode laser sensor performance, although the 180 deg distortion case does suggest a small (~3%) reduction in the reported mass flux at high mass flux. This generally confirms the modeling results that show the mass flux sensor to report the correct, path-averaged mass flux for typical variations expected in inlet flows.
Engine Emissions Monitoring
One of the more promising potential applications of diode laser sensors is in the continuous, real-time monitoring of pollutant emissions from aeroengines or ground-based gas turbine used for power generation. Commercial instruments such as NDIR or chemiluminescent analyzers, mass spectrometers, and ceramic oxide sensors are the current standards for engine certification, although they require extractive sample and gas preparation (such as drying and cooling) to function properly. A diode laser sensor suite has recently been demonstrated for simultaneous measurements of NO, N 2 O, CO, CO 2 , and O 2 using such extractive sampling and gas preparation 14 and similar commercial instruments for individual emissions have been available for a number of years.
True, in-situ measurements would are required to demonstrate a clear advance in the current state of the art and this remains a challenging goal for diode laser sensor researchers. Several basic problems need to be resolved here, including improved sensitivity to overcome the reduction in individual absorption linestrengths with temperature and the pernicious interference of water vapor transitions at temperatures American Institute of Aeronautics and Astronautics above 1000 K. Figure 13 shows recent results from our laboratory where in-situ measurements of CO in the near-IR have been performed, although the present sensitivity is limited to about 1000 ppm by nearby water vapor interference and further work is required to find more optimal transitions. 5 In exhaust applications with temperatures below 1000 K, water vapor interference is expected to be greatly reduced and work is underway to demonstrate in-situ NO, NO 2 , and CO detection in exhaust gases at these temperatures.
Recent developments in room-temperature quantum cascade lasers suggest that practical sensors based on mid-IR lasers may be developed. Presently, these lasers are being produced near 5 µm where strong, fundamental absorption transitions from both CO and NO may be probed. In-situ measurements of CO near these wavelengths were demonstrated over 20 years ago using cryogenically-cooled Pb-salt lasers and did not report water vapor interferences. 15 Measurements of N 2 O and CH 4 using the QC lasers have recently been reported 16 and measurements of NO and NH 3 have been completed 17 , but significant work remains to demonstrate high sensitivity measurements and reliable laser operation.
Summary and Conclusions
Laboratory and test facility demonstrations of room-temperature, near-IR diode laser-based sensors during the previous decade indicate the promise of these devices for practical aeroengine applications. Mature sensor concepts, such as those based on H 2 O and O 2 absorption are now undergoing field tests on production engines and research flight vehicles. The promise of a practical, commercial sensor technology for gas turbine engines has yet to be fully realized, however. Their transition to commercial sensors as part of production engines will depend on the long-term reliability, cost, and ease of installation and maintenance. Emissions sensors for pollutant species such as CO, NO x , and SO x remain areas of active laboratory research.
Further engineering development of the sensors will be required before they are sufficiently mature to be considered a regular component of a production aeroengine. This costly endeavor also depends on the clear demonstration of a critical measurement need that the diode laser sensor meets which improves the overall engine performance in economically quantifiable terms. Transient inlet air mass flux sensing may allow early warning of incipient surge/stall events which is presently a costly and dangerous event for both military and civilian aircraft. Improved trim control of engines based on continuous inlet air mass flux sensing may also improve fuel utilization and enhance performance sufficiently to warrant production development costs.
Concepts are also under development for realtime control of ground-based gas turbines based on continuous monitoring of CO and NO x . Presently, existing sensor technology for these applications experience interference or sensitivity limitations which the diode laser sensors may be able to address.
